Of considerable importance to the generation of ultrafine microstructures is the development of high misorientations. The present work examines the effect of the crystallographic rotation field in simple shear upon the evolution of misorientation during plastic working. A series of Taylor simulations are presented and it is shown that the rotation field is such that small differences in orientation in the region of the main torsion texture components are considerably increased with the application of shear strain. This did not occur in simulations of rolling. The torsion simulations compare favourably with the nature of the misorientations evident in hot worked 1050 Al and Ti-IF steel. It is concluded that shear deformation, by its nature, facilitates the generation of higher misorientations.
Introduction
Severe plastic deformation is currently receiving considerable attention due to the ultrafine grain structures that it can produce. Typical processes that induce severe plastic deformation include Equal Channel Angular Extrusion (ECAE) and Accumulative Roll Bonding. The objectives of these processes are twofold: i) to refine the structure and ii) to ensure that the new structure is composed of sufficiently high misorientations. Should the process fail in respect to the latter the potential for superior strength. 1) and appropriate degree of mechanical anisotropy may not be realized. The present work is concerned with a mechanism by which higher misorientations can develop during plastic deformation.
Hansen and co-workers 2) have categorized boundaries induced during deformation into two broad types: i) those produced through random trapping of glide dislocations (Incidental Dislocation Boundaries -IDBs) and ii) those produced in consequence of differing deformation conditions in neighbouring regions (Geometrically Necessary Boundaries -GNBs). The misorientations of both of these types of boundaries increase with increasing plastic deformation but this effect is more marked for GNBs.
2) GNBs can be considered to be the major source of the high angle boundaries seen in metals severely deformed at lower temperatures. The proclivity of these boundaries to form in a given region of the microstructure is governed by a number of factors, the most important of which is strain. Others include: the presence of particles, 3) the crystallographic texture, 4) the surrounding orientations, 5) the grain size, 6 ) the tendency for shear banding 7) and texture change. 6) These observations hold for both low and high temperature deformation.
2) At higher temperatures additional mechanisms are activated with increasing strain and these too can serve to increase the misorientations across deformation induced boundaries. Depending on the alloy and deformation conditions, average boundary misorientations can be increased at high temperatures by: the generation of higher values of specific area of high angle boundaries through the bulging/ serration of original grain boundaries (and when these boundaries meet, by geometric dynamic recrystallization 8) ), subgrain rotation induced by grain boundary sliding on nearby boundaries, 8, 9) continuous misorientation increase by dislocation processes during continuous dynamic recrystallization 10) (a similar mechanism to the geological ''rotation recrystallization'' 8) ). And, in lower stacking fault materials deformed under suitable conditions, conventional discontinuous dynamic recrystallization can be initiated.
11)
In a previous work one of us examined the role of crystallographic rotation on the generation of high angle boundaries in fcc materials tested in torsion.
12) It was suggested that the nature of the crystallographic texture evolution in simple shear is such that higher angle boundaries are readily developed during deformation. This type of misorientation increase is largely geometric and is therefore not directly sensitive to the deformation temperature; it requires only that the deformation is predominantly accommodated by slip. The phenomenon is explored further in the present work and its applicability to bcc metals is examined.
Background
A number of workers have shown that the average subboundary misorientation in hot worked aluminum increases continuously as the strain is increased and only reaches a steady state at very high strains (in excess of 10). 10, 13) Part of the reason for this is the increase in original grain boundary area and the serration of the original boundaries. 14) However, it is also evident that isolated segments of higher angle boundaries are generated during deformation. Typical examples of this are given in Fig. 1 for both hot worked ferrite (commercial Ti-IF steel) and hot worked aluminium (commercial purity 1050 alloy). These Electron Backscattering Diffraction (EBSD) images were produced from samples subjected to elevated temperature torsion followed by quenching in water. Boundaries with a misorientation greater than 15 are shown in bold and a number of segments of new high angle boundary divorced from the original boundaries can be clearly seen. The misorientations present in these structures are shown as histograms in Fig. 2 . The significant presence of misorientations over the whole low angle boundary range, i.e. not just at the low end, is consistent with a significant increase in certain subgrain boundary misorientations with increasing strain.
One rationale for the generation of new segments of higher angle boundary can be given as follows. During the random variations in crystallographic rotation during deformation, isolated subgrains can end up at orientations where the crystallographic rotation rate (or direction) is different from that of the rest of the grain. Subsequent deformation can then lead to systematic differences in crystallographic rotation and, under certain circumstances, to a systematic increase in misorientation. An extreme example of the latter stage of this scenario can be found in the deformation of crystals in which the crystallographic rotation induced by deformation is equally probable in two different but symmetric directions. Under these conditions one part of the grain may rotate in one direction while the other takes an opposite path. This occurs in the plane strain deformation of cube orientations in aluminium and leads to the generation of deformation bands. 15) In torsion simulations of fcc deformation it has been shown that the crystallographic rotation fields are such that the probability is high for a significant variation in rotation paths to arise for adjacent subgrains within the major texture components. 12) To illustrate, the crystallographic rotation field for fcc deformation is shown in Fig. 3a . This figure was calculated using a full constraint Taylor crystal plasticity model in which a shear strain of 0.15 was applied. The only operative deformation mode was assumed to be the {111}h110i slip system. The lines shown are projections of the crystallographic displacement vectors onto the ' 2 ¼ 0 section of Euler space (Bunge convention). For calculation of the Euler angles, the torsion axial direction, z, was assigned to the Yð2Þ axis, the shear direction to the Xð1Þ axis and the radial direction, r, to the Zð3Þ direction. In all of the main orientations shown, the crystallographic rotation on one ''side'' of the stable orientation is directed towards the stable orientation while on the other the crystallographic displacement vector points away from the stable orientation. The effect of this is that a subgrain misoriented slightly from the stable orientation may rapidly rotate away from the grain orientation, thus generating a significant increase in local misorientation.
Also shown in Fig. 3 is a rotation field for bcc deformation, assuming operation of the {110}h111i and {112}h111i slip systems. This plot shows the same general features as for the fcc simulation. In what follows, subgrain boundary misorientations are simulated by applying full constraint Taylor simulations to tightly grouped clouds of orientations centered on the key orientation components in both fcc and bcc systems. 
Simulations
The initial clouds of orientations were created, using random number generation that takes into account the non-uniformity of orientation space, such that the average misorientation amongst individual components of the clouds was one degree. Clouds of 400 orientations were generated around each of the main components shown in Tables 1 and 2 . 13, 16) The distributions of the aggregates of the misorientations between individual components within the clouds are presented in Fig. 4 for both the fcc and bcc cases. A shear strain of 1 was applied to the initial orientation clouds using a full constraint Taylor simulation. The simulations employed the {111} h110i slip systems for the fcc case and the {110}h111i and {112}h111i systems (with equal values of critical resolved shear stress) for the bcc case. The axes along which the deformation was applied are the same as that described for the calculation of Fig. 3 . Following the simulation, pole figures (h111i for fcc and h110i for bcc), misorientation angles and misorientation axes were calculated.
Simulation Results
The orientation clouds following a simulated shear strain of 1 are plotted as pole figures in Fig. 5 . Two interesting observations can be made:
1) The orientation spread varies significantly amongst the orientations but does not seem to be obviously different for the two crystal systems. The spread is quite large in some cases signifying that there is at least some increase in misorientation upon the application of strain.
2) The orientation spread in a number of cases is characterized by a rotation around the centre of the pole figure, which represents the sample radial direction. This rotation corresponds to the overriding ''right to left'' flow evident in the rotation field plots shown in Fig. 3 . Fig. 3 Crystallographic rotation fields predicted for fixed end torsion using a full constraint Taylor crystal plasticity model for a) fcc systems (slip on {111}h110i) and b) bcc systems (slip on {110}h111i and {112}h111i). Orientations predicted to be stable are shown -see Tables 1 and 2 for definitions. 
Misorientation (°)
Percentage of Boundaries b) Fig. 4 Distribution of misorientations for the initial orientation ''clouds'' employed in the simulation of boundary generation for a) fcc and b) bcc systems. These plots were generated from all of the orientation clouds for each crystal system. In all cases the mean misorientation is $1 .
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To examine the first of these, the aggregates of the misorientations produced in the simulations are plotted in Fig. 6 . For each orientation cloud, 400 orientation pairs were randomly selected for inclusion in the aggregate misorientation distribution. These plots should be contrasted with the initial misorientation distributions shown in Fig. 4 . It is evident that the misorientations have increased markedly with the application of a simulated strain. The maximum misorientation within the initial clouds is of the order of 2 whereas following deformation the maximum simulated misorientation is in the order of [16] [17] [18] [19] [20] . Overall, the bcc and fcc simulations gave rise to very similar distributions of misorientations.
Further insight into the nature of the rotations that generate these higher misorientations can be gained by plotting the axes that correspond to each misorientation angle employed in the generation of Fig. 6 . These axes are plotted in the sample reference system (i.e. on pole figures) in Fig. 7 . What is interesting to note in these plots is that the dominant orientation of the misorientation axis is in the radial direction. As mentioned above, this reflects the predominance of the ''left to right'' rotation evident in the rotation fields shown in Fig. 3 . That is, misorientations generated by this mechanism can be expected to have a misorientation axis close to the sample radial direction. It is also evident in Fig. 7 that the higher misorientations show a closer alignment of the misorientation axes with the radial direction.
Discussion
The simulations carried out here are highly idealized. However, the initial spread of orientations can be thought of as representing an array of subgrains delineated by Incidental Dislocation Boundaries. The simulations in one sense, therefore, show the evolution of IDBs into Geometrically Necessary Boundaries (The higher misorientations can be thought of as GNBs because they form due to systematic differences in deformation either side of the boundary.). In reality the situation is more complex. For one, the random variation of dislocation fluxes will continue during straining. This would seem to suggest that the simulations underestimate the rate of misorientation generation. However, this phenomenon can actually decrease the misorientation by allowing all of the orientations around the stable texture components to ''tunnel'' through and catch up to other subgrains that may have previously done the same, thus reducing the misorientation between them.
It is of interest that there appears to be only minor differences between the fcc and bcc simulations. This is to be To verify if these findings have any experimental support the misorientation axes calculated for all the misorientations greater than 2 present in the two hot worked samples shown in Fig. 1 are presented in Fig. 8 . The misorientations less than 15 can be considered to be due largely to the action of deformation while those greater than this value are influenced by the nature of the texture in addition to the generation of new boundaries. It is clear that the misorientation axes are clustered around the radial direction for both the Al 1050 alloy and the Ti-IF steel for the low angle boundaries. This is consistent with the simulations carried out here and lends support for the role of the crystallographic rotation field in shear in generating misorientations in both fcc and bcc metals.
For the sake of contrast, it is interesting to briefly consider if a similar phenomenon occurs in rolling. In this case the situation is somewhat more complicated because, unlike torsion, the main rolling texture components do not completely coincide with the stable orientations predicted by full constraint Taylor simulation. 17) For the case of rolling of bcc systems, the full constraint model predicts that near {112}h110i and near {443}h338i orientations should be stable. Clouds of 400 orientations were therefore generated about these orientations in a similar manner to that employed above for the torsion simulations. The average misorientation within the initial cloud of orientations was 1 and a von Mises strain of 0.58 was applied in the model (for equivalence to the shear strain of 1 used in the torsion simulations). The misorientations before and after the simulated deformation are shown in Fig. 9 . In contrast with torsion (Fig. 6) , the orientation clouds subjected to rolling deformation are more tightly grouped after deformation than before. For the stable orientations examined the crystallographic rotation field does not give rise to increasing misorientations. Further work is required to ascertain if this difference is maintained for orientations chosen at random. The difference observed between the rolling and torsion simulations suggests that the present phenomenon is restricted to shear deformation. However, it may manifest itself during rolling if the deformation becomes localized in shear bands. In these situations the mechanism discussed here is likely to operate within the sheared regions. Of course, additional generation of GNBs is also expected at the boundaries between the sheared and non-sheared regions. In general, the present mechanism can be considered to augment the better known processes by which GNBs and higher angle subgrain boundaries are generated during shear deformation. Its role can be expected to diminish if the shear component of the deformation drops or if the contribution of grain boundary sliding to the overall deformation increases.
Conclusion
Simulations have shown that clouds of orientations centred on the main torsion texture components increase in spread with the application of ideal Taylor shear. This occurs both in fcc and bcc simulations and the main characteristics of the boundaries thus generated (i.e. a rotation axis close in alignment to the torsion radial direction) appear in experimental results for Al 1050 and Ti-IF steel. The same effect does not appear in simulations of bcc structures subjected to rolling. Shear deformation, by its nature, facilitates the generation of higher misorientations. 
